Human adipose-derived stromal cells (ASCs) have been shown to possess therapeutic potential in a variety of settings, including cutaneous wound healing; however, it is unknown whether the regenerative properties of this cell type can be applied to diabetic ulcers. ASCs collected from elective surgical procedures were used to treat fullthickness dermal wounds in leptin receptor-deficient (db=db) mice. Cells were delivered either as multicellular aggregates or as cell suspensions to determine the impact of cell formulation and delivery methods on biological activity and in vivo therapeutic effect. After treatment with ASCs that were formulated as multicellular aggregates, diabetic wounds experienced a significant increase in the rate of wound closure compared to wounds treated with an equal number of ASCs delivered in suspension. Analysis of culture supernatant and gene arrays indicated that ASCs formulated as three-dimensional aggregates produce significantly more extracellular matrix proteins (e.g., tenascin C, collagen VI a3, and fibronectin) and secreted soluble factors (e.g., hepatocyte growth factor, matrix metalloproteinase-2, and matrix metalloproteinase-14) compared to monolayer culture. From these results, it is clear that cell culture, formulation, and delivery method have a large impact on the in vitro and in vivo biology of ASCs.
Introduction
C hronic wounds such as diabetic ulcers remain a significant global health burden despite concerted efforts toward their prevention and treatment. The prevalence of diabetes continues to increase as the population ages and obesity trends worsen. Nearly 11.8% of diabetic patients develop foot ulcers in their lifetimes, with an annual incidence approaching 2.5% of all diabetic patients. 1, 2 Foot ulcers precede 84% of lower limb amputations in diabetic patients, making it the most common cause of amputation in those patients. 3 Although the etiology and pathogenesis of diabetic wounds are variably understood, therapeutic strategies such as debridement, pressure relief, vascular optimization, and edema control areconsideredfundamental. Still,many wounds fail to heal despite adequate implementation of these wound care techniques. It is now well established that most, if not all, chronic wounds are characterized by a phenotypically altered cellular wound milieu. For example, both fibroblasts and endothelial progenitor cells from diabetic ulcers have been shown to exhibit impaired migration, proliferation, adhesion, and growth factor production. [4] [5] [6] This has led some to propose the application of fresh, unimpaired cells to nonhealing wounds as a means to reinitiate or replace the host tissue's wound-healing cascade. 7 Emerging work suggests that adipose-derived stromal cells (ASCs) may be useful for therapeutic wound-healing applications. 8, 9 In addition to their established multipotency, 10, 11 ASCs secrete numerous growth factors that are known to favorably impact wound healing in both in vitro and in vivo wound-healing models. [12] [13] [14] [15] [16] Several groups have shown that human ASCs seeded onto acellular dermal scaffolds can facilitate healing in wounds of nude mice. [17] [18] [19] Similarly, other authors report that human ASCs are able to stimulate the proliferation and migration of dermal fibroblasts, enhance their production of matrix factors, and accelerate the reepithelialization of wounds in nude mice. 20 Practically speaking, ASCs possess excellent translational qualities due to advantages of abundance, expendability, ease of harvest, and donor appeal. These considerations have led us to hypothesize that human ASCs possess the ability to improve the rate of healing in diabetic wounds, which are known to have cellular, growth factor, and matrix-related dysfunctions.
Mammalian cells normally exist within the context of a three-dimensional (3D) micro-milieu; yet, the majority of published literature describes the use of two-dimensional (2D) adherent monolayer culture for mesenchymal cells. Extracellular matrix (ECM) is known to play a critical role in tissue repair, serving as a scaffold and as a modulator of cell function and growth factor functionality. 21, 22 Cells cultured in adherent monolayers ultimately need to be lifted into suspension for further handling=manipulation, but this process disrupts any ECM milieu that may have been established. Therefore, we also hypothesize that ASCs prepared and delivered as 3D multicellular aggregates (MAs) will exhibit enhanced biological and therapeutic properties compared to cells prepared using traditional monolayer techniques and delivered as cell suspensions.
In summary, diabetic ulcers are a common and devastating complication for the world's growing population of diabetic patients. Although the use of ASCs for the treatment of diabetic ulcers is an attractive strategy, it requires further evaluation. The objectives of this study were to examine whether human ASCs have the ability to improve the rate of wound healing in genetically diabetic mice and whether ASC formulation and delivery methods impact biological activity and therapeutic effect.
Methods

Cell isolation and preparation
All adipose tissue was obtained from either intraoperative suction lipectomy or laboratory liposuction of panniculectomy specimens. Subcutaneous adipose tissue was obtained from nondiabetic patients undergoing elective surgical procedures in the Department of Plastic Surgery at the University of Virginia via a protocol approved by The University of Virginia's Human Investigation Committee. ASCs were isolated using previously described methods. 23 Briefly, harvested tissue was washed with complete Hanks buffer, centrifuged, decanted to remove oil, and then enzymatically dissociated. The dissociated tissue was filtered to remove debris, and the resulting cell suspension was centrifuged. Pelleted stromal cells were then recovered, washed twice, filtered twice (250 mm mesh followed by 105 mm mesh), centrifuged, and decanted. Contaminating erythrocytes were lysed with an osmotic buffer, and the stromal cells were plated onto culture plastic (Thermo Fisher Scientific, Rochester, NY). Cultures were washed with buffer 24-48 h after plating to remove unattached cells and then re-fed with a fresh medium. The initial plating medium consisted of Dulbecco's modified Eagle's medium=F12 with 10% fetal bovine serum and 1% antibiotic-antimycotic. Cultures were maintained at 378C with 5% CO 2 and fed two to three times per week. Cells were grown to confluence after the initial plating ( p ¼ 0), typically within 10-14 days. At confluence, p ¼ 0 cells were lifted using TrypLE (Invitrogen, Carlsbad, CA) and counted on a hemacytometer using trypan blue exclusion.
MA preparation
Passage zero ( p ¼ 0) cells were labeled with anti-CD31 and anti-CD45 antibodies (BD Biosciences, San Jose, CA), and magnetic sorting (MACS Miltenyi Biotec, Auburn, CA) was used to remove mature endothelial cells and leukocytes. The resulting CD31À=CD45À cells were collected and replated as passage 1 ( p ¼ 1) cells. After 2 weeks of culture, the cells were released, counted, and resuspended at a concentration of 625,000 cells=mL in a growth-factor-enriched lowserum medium (Dulbecco's modified Eagle's medium= F12, 0.1 mM L-glut, 10 À8 M dexamethasone, 100 mM ascorbic acid 2-phosphate, 0.50% ITSþ3, 0.05% fatty acid supplement, 1% nonessential amino acids, 10 À8 M estradiol, 10 À8 M progesterone, 500 ng=mL hydrocortisone, 10 ng=mL epidermal growth factor, 1 ng=mL platelet-derived growth factor, 1 ng=mL stem cell growth factor-beta (SCGF-b), 1 ng=mL tumor necrosis factor-alpha (TNF-a), 1 ng=mL interleukin 1b , and 1% antibiotic-antimycotic) with 1% human serum (AR10-1%HS). 24 Forty-microliter droplets were placed on the inside of a culture dish lid, and the lid was inverted to induce MA formation using the hanging droplet method. 25, 26 Cells in the resulting hanging droplets were allowed to form 3D aggregates comprised of 25,000 cells per droplet. After 24 h of culture, MAs were transferred into suspension culture in ultra low attachment (ULA) culture plates (Corning, Lowell, MA). Separate aliquots of the same CD31-=CD45-ASCs were cultured as adherent monolayers, using standard culture dishes, and the same low-serum (AR10-1%HS) medium was used to culture MAs. Both MAs and monolayer cells were cultured for 1 week in the low-serum medium before use in in vitro and in vivo studies.
ASC mRNA expression
To evaluate the gene expression profile of ASCs grown as MAs in suspension culture relative to ASCs grown as adherent monolayers, human ASCs from three different women, with an average age of 37 and an average body mass index (BMI) of 30 (donor 1: 34 years old, BMI 25.1; donor 2: 45 years old, BMI 28.2; donor 3: 31 years old, BMI 35.4), were used. After isolation, ASCs were initially expanded as monolayers in the AR10-1%HS medium and split into two equal groups. One group of cells was lifted and placed back into monolayer culture at 2000 cells=cm 2 , whereas the other group was formed into MAs (25,000 ASCs=MA) and transferred to suspension culture. The fresh medium was provided for all cultures on day 3. On day 6, cells were harvested from both groups and RNA was isolated using a commercially available kit (PureLink Micro-ti-Midi Total RNA Purification System, Cat no. 12183-018). From each of the three different donors, ASCs grown as monolayers and ASCs grown as MAs were analyzed in triplicate using separate Affymetrix human gene chips (HgU133 plus 2.0; n ¼ 9=experimental group). An Agilent BioAnalyzer was used to ensure the quality of each total RNA sample. Background intensity was derived from the intensity values of the lowest 2% of cells on the chip, establishing an overall baseline intensity that was subtracted from all cells before gene expression levels were calculated. Noise levels were derived from the standard deviation of the background intensity measurements. A parallel culture of each experimental group (monolayer and MA) was used to quantify the number of cells in each sample. Arrays were analyzed as described below. To develop a more macroscale understanding of data variability, a principal component analysis of all gene array data was performed.
Proteomic analysis
The translational profile of ASC MAs was evaluated using ELISA to quantify soluble factors secreted by the cells, and mass spectrometry to evaluate proteins within the aggre-gates. ASCs were prepared in parallel groups of adherent monolayers and suspension-cultured MAs as described above. The MAs were placed into suspension culture in 6-well ULA plates (day 0) and maintained in AR10-1%HS. In parallel, monolayer-cultured ASCs were re-plated at 2000 cells=cm 2 in adherent monolayer culture (day 0). The conditioned medium was then collected (and the fresh medium replaced) from each group on postplating days 3. The day 3 supernatant from each of six wells was combined and frozen for subsequent quantitative ELISA analysis of growth factor levels. Each sample was analyzed in duplicate by Pierce Biotechnology's SearchlightÔ service (using CLIA-certified practices and protocols). Fresh samples of each culture medium were analyzed in parallel for baseline levels of growth factors, and these values were subtracted from the culture-conditioned samples. Parallel cell cultures were counted to determine the number of cells per monolayer sample or cells per aggregate and then used to normalize ELISA results.
Analysis using liquid chromatography mass spectrometry was done with a Finnigan LTQ-FT system and a Protana nanospray ion source. Ten microliters of prepared protein-gel extract was injected, and peptides were eluted from the column by an acetonitrile=acetic acid gradient at a flow rate of 0.25 mL=min over 2 h. The proteins expressed by the monolayers and MAs were compared on days 3 and 6, and care was taken so that no exogenous proteins were added to the samples.
Full-thickness diabetic wound model
Male diabetic BKS.Cg-m þ=þ Lepr db =J (db=db) mice ( Jackson Laboratories, Bar Harbor, ME) were acclimated before experimentation. Hyperglycemia was verified for each animal before wounding using an Accu-Chek Compact digital glucose meter (Roche Diagnostics, Indianapolis, IN) to confirm that each animal had a circulating blood glucose concentration of at least 250 mg=dL.
On the day of wounding, the dorsa of animal subjects were depilated and a circular full-thickness excisional wound of 1 cm diameter (approx. 78.5 mm 2 area) was made using a template. 27 Nondiabetic heterozygote littermates (db=þ) received an identical injury. A small ruler was placed in the plane of the wound, and images were taken of the wounds using a 5.0 megapixel digital camera. After image acquisition, either cellular (ASC suspension in diabetic mice, ASC MA in diabetic mice) or vehicle (phosphate-buffered saline [PBS] in diabetic mice, PBS in nondiabetic mice) treatment was administered to the wounds. ASCs for in vivo studies were derived from a single 49-year-old woman with a BMI of 27.4. Blinding was intended, but proved impossible due to the macroscopic visibility of MAs and obvious size differences between homozygous and heterozygous mice. In each cellular group, approximately 350,000 cells were delivered to each wound. For wounds receiving ASCs in MA form, 14 MAs formed from 25,000 cells each were administered per wound. Cellular treatments were delivered using 100 mL of PBS, and a matching volume of PBS was delivered as a vehicle control treatment. All cells were used at p ¼ 1. After treatment, benzoin was painted around the wound on the surrounding uninjured tissue before application of TegadermÔ bandages (3M, St. Paul, Minnesota), being careful not to allow any benzoin to come near the wounds' edges. Tegaderm bandages were applied to each wound without allowing any delivered material (PBS or cells) to leak out of the wound area. CobanÔ wrap (3M) was cut to fit around the waist of the animals to prevent the mice from scratching the Tegaderm bandages off, but loose enough to allow the animals to breathe and move comfortably.
On postwounding days 5, 7, 9, 12, 14, 16, 19, and 21, the Tegaderm and Coban bandages were carefully removed, being sure that the size of the wound and any epithelialization present were not disturbed. Wounds were imaged at each of these time points in a similar manner to the day of wounding and quantified using Image J software (NIH). Each postwounding measurement was normalized to its corresponding day 0 wound area and recorded as a percentage of the original wound remaining open. Validation of area measurements was performed by using a stencil to draw a perfect circle with a diameter of 13=32 inches (an area equal to 83.62653 mm 2 as measured with the perfect circle tool in Image J). After 10 freehand measurements performed in an identical way as measurements of wound sizes in this study's experiments, an average measured area of 83.3713 mm 2 and a standard deviation of 1.287137 mm 2 was obtained. Using an identical technique, five MAs formed from 25,000 cells each were also delivered to a separate group of db=db mice to comprise a low-dose experimental group (125,000 cells per wound). Animals receiving low-dose MA treatments were imaged and analyzed using the same protocol as all other ASC experiments.
Statistical analysis
Gene arrays were quantile normalized, and gene chip robust multiarray averaging was applied to estimate log 2 gene expression levels. 28 A list of genes expressed differentially between monolayer and MA was obtained using the Limma Bioconductor package, which implements a modified t-test.
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Multiple hypothesis testing was accounted for by applying a false discovery rate correction to the p-values and using a 5% false discovery rate cutoff.
All results from in vivo studies are presented in the form of mean AE standard deviation. These comparisons were made using the statistical analysis tools provided by SigmaPlot 5.0 (Systat, Point Richmond, CA). Using a Power Analysis, we calculated that the number of animals per study group (n ¼ 8) yields a power of 0.80 with a ¼ 0.05 based on an estimated difference in mean wound area of 14 mm 2 and an expected standard deviation of 8 mm 2 . Wound-healing rate data were analyzed for statistical significance using only data collected between days 0 and 12 (the open wound interval) since all wounds, regardless of experimental group, were fully healed after 12 days and because the db=db model is best suited to evaluate treatments that affect the early phases of wound healing. 30 Animals that partially removed the Tegaderm bandage or developed an infection at any point during the experiment were removed from consideration in data analysis (MA group: 3; vehicle diabetic group: 3; monolayer ASC group: 3; nondiabetic group: 4). Two-way ANOVA analysis followed by Tukey's multiple comparisons test was used to determine significance between healing rates for each study group, allowing for comparison of healing rates over the course of 12 days rather than a comparison of wound size at each individual time point. Therefore, average wound size as a function of both treatment group and time was compared for the four groups, resulting in an analysis of each treatment's effect on wound size over the entire 12-day open wound interval. Statistical significance was asserted at p < 0.05.
Results
MA delivery system characterization
It was observed that the size and number of MAs formed per hanging droplet were dependent on the concentration of ASCs used. At concentrations of approximately 5000 cells=droplet (or 125,000 cells=mL) or higher, MAs formed with very little variability in aggregate size (Fig. 1) , but when lower concentrations were used, MA formation was much less uniform. It was also noted that after several days in culture, the MAs were difficult to dissociate using purely mechanical means; in fact, enzymatic strategies became necessary for dissociation. Upon plating on standard tissue culture plastic, the MAs readily adhered and gave rise to confluent monolayers of cells with plasticity toward adipose, cartilage, and bone phenotypes (data not shown). A single aggregate could subsequently be serially lifted and re-plated at least 20 times, giving rise to adherent monolayer cells with proliferative capacity on each re-plating. Principal component analysis revealed a separation along the first principle component (PC1 along the x-axis) or major axis of variation between MA and monolayer-cultured samples independent of donor (Supplemental Fig. S1 , available online at www.liebertonline.com=ten). The individual patient gene expression profiles were separated along the second principle component (PC2 along the y-axis) or the secondary axis of variation independent of culture condition. In Supplemental Figure S2 (available online at www.liebertonline .com), the distribution of the log 2 ratio of the MA ASC gene expression standard deviation over monolayer-cultured ASC gene expression standard deviation illustrates a relatively large population of genes for which the standard deviation is approximately twofold smaller in ASCs formed into MAs as compared to ASCs grown as monolayers.
Protein production of ASCs in monolayer culture versus MA culture
Secreted protein production (fraction unbound to ECM) was increased in ASC MAs as compared to ASC monolayers. ELISAs showed that supernatant concentrations of fibrinogen, tissue inhibitor of metalloproteinase-1, matrix metalloproteinase-2 (MMP2), transforming growth factor-b1, basic fibroblast growth factor, insulin-like growth factor binding protein-1, keratinocyte growth factor (KGF), epidermal growth factor, hepatocyte growth factor, and vascular endothelial growth factor were higher in MAs compared to monolayers (Fig. 2) . Fibronectin secretion showed the highest secretion levels (by mass) in monolayer and MA culture (9.87 pg=cell=3 days and 18.88 pg=cell=3 days, respectively). The inflammatory proteins IL-6, IL-8, and monocyte chemoattractant protein 1, however, were secreted in lower amounts when ASCs were cultured as MAs instead of as monolayers. Mass spectrometry studies demonstrated increased production of matrix-related proteins (MMP14, MMP2, Tenascin C, Collagen VI a3, and Fibronectin 1) in MAs (Fig. 3) .
Impact of delivery method on diabetic wound healing
Animals in all groups healed over 90% of their original dermal wound areas by day 12 of the experiment (Fig. 4 , see also, Supplemental Fig. S3 , available online at www .liebertonline.com=ten). Two-way ANOVA statistical analysis showed that diabetic mice receiving a vehicle delivery of sterile PBS (n ¼ 8) healed at a slower rate during the first 12 days of the experiment than nondiabetic mice (n ¼ 4) treated with the same volume of sterile PBS ( p < 0.001). Diabetic animals receiving a dose of ASCs in suspension (n ¼ 8) also healed at a slower rate than nondiabetic vehicle-treated control animals ( p < 0.001). Moreover, there was no statistical difference between the healing rates of diabetic mice dosed with ASCs in single-cell suspensions and age-matched diabetic mice receiving vehicle treatment. In contrast, the FIG. 1. Multicellular aggregates (MAs) formed from human adipose-derived stromal cells (ASCs). Aggregates formed in hanging droplets from solutions of at least 125,000 cells=mL showed very little variability in final diameter, but lower concentrations produced aggregates with much more variability in diameter. MAs also showed more resistance to mechanical dissociation than monolayercultured ASCs. Color images available online at www .liebertonline.com=ten. 
Discussion
Our results show that the administration of human ASCs can accelerate the closure of dermal wounds on diabetic mice to a rate approaching that of vehicle-treated healthy, nondiabetic mice. Specifically, this therapeutic effect was seen only when ASCs were prepared and delivered as suspensioncultured 3D MAs, but not when delivered as cell suspensions derived from monolayer culture. These results demonstrate that cell preparation and delivery method have a nontrivial impact on the phenotype, biological activity, and in vivo therapeutic capacity of cell-based strategies.
Both the initial formulation and subsequent nonadherent culture of MAs are guided by the principal of self-assembly and self-maintenance. With this approach there are no subjective judgments about when cells are confluent, or subconfluent and in need of passage. It is therefore interesting, but not surprising, that our data demonstrate that ASCs cultured as MAs have a more consistent and reproducible transcriptome than monolayer ASCs. In essence, the MA culture system seems to diminish donor-to-donor variability that is characteristic of primary cells cultured as monolayers, and this may have important implications for translational efforts. 
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It is important to recognize that there is no animal model that perfectly mimics the chronic, nonhealing nature of human diabetic wounds. Unlike humans, loose-skinned animals like mice heal 90% or more of their wounds by contraction, whereas epithelialization accounts for only about 10% of closure. 31, 32 Still, the use of db=db mice as a model of delayed wound healing is well established in the literature. [33] [34] [35] [36] The db=db wound model is particularly suited to interventions that stimulate the early phases of healing and replace or enhance the levels of various growth factors that are known to be diminished in diabetic healing. 30 Although animal models of healing have limited direct correlation to human chronic wounds, the ability to stimulate or enhance wound contraction of human diabetic wounds has significant clinical impact.
FIG. 2.
ELISA analysis of wound-healing protein production by ASCs when cultured as MAs compared to monolayer culture. The secretion of several proteins linked to angiogenesis, regeneration, and extracellular matrix remodeling was found to be higher when ASCs were cultured as three-dimensional MAs (black bars) rather than in normal two-dimensional monolayers (white bars; A, B, D). In contrast, secretion of inflammatory proteins such as interleukin 6 (IL-6), interleukin 8, and monocyte chemoattractant protein-1 was increased in monolayer culture relative to MA culture (C).
Human diabetic wounds take a very long time to heal, if they do heal at all. If these aggregates were to cause closure of human wounds through contraction, or any other means, the clinical outcome would be more favorable than an unhealed wound. Certainly, the microscopic extent of epithelialization is difficult to discern by gross examination, and this may explain the relatively large standard deviations in our data (Fig. 4) . With this understanding, our results provide compelling evidence that the formulation and delivery of ASCs as 3D aggregates significantly and favorably impacts their genotype, phenotype, biological potency, and in vivo therapeutic effect in the early phases of wound healing.
Of interest, related trials in which mice were treated with a lower cell dose of ASC MAs showed that wounds did not exhibit significant acceleration of healing over vehicle-treated controls (data not shown). This suggests that, in addition to cell formulation, cell dose also impacts therapeutic effect. The fact that no improvement in healing rate is observed after decreasing the number of MAs administered to the wound by approximately two-thirds of the original dose suggests a dose-response relationship involving ASC formulation and delivery and is consistent with published data. 37 The 3D formation and culture of ASCs may also enhance their biological activity and efficacy via a number of mechanisms, including the increased release of paracrine signals or by ECM delivery, production, and remodeling. Each has the potential to facilitate cell survival, migration, proliferation, differentiation, and=or angiogenesis=arteriogenesis. Indeed, many of the genes and proteins found to be upregulated in our studies of ASC MAs (Table 1, Figs. 2 and 3 ) have been shown to be important for diabetic wound healing. 15, 16, [38] [39] [40] [41] [42] It is, therefore, reasonable to hypothesize that the observed increase in the production of these proteins plays at least a partial role in the increased rate of diabetic wound healing associated with ASC MA treatment. The synergistic interactions between growth factors and ECM proteins (in particular those involving growth factors and ECM components upregulated in MAs like insulin-like growth factor binding protein-1, transforming growth factor-b1, vascular endothelial growth factor, hepatocyte growth factor, decorin, biglycan, and fibronectin) are increasingly being recognized as playing a significant role in wound healing and tissue repair, 13, 21, [43] [44] [45] [46] [47] [48] [49] [50] and although the secreted protein values reported in this paper do not reflect the full effect of the synergy and sequestration of secreted proteins (proteins sequestered by ECM are not interrogated by ELISA techniques), it is probable that such signaling plays a role in the enhanced in vivo activity of ASCs formulated as MAs relative to ASC suspensions.
The upper size limit observed for MAs is largely independent of the initial number of cells used in MA formation and is likely determined by protein and nutrient diffusion to core cells. Although hematoxylin and eosin and bromodeoxyuridine (data not shown) staining demonstrate viable cells in the   FIG. 3 . Mass spectrometry analysis of matrix-related protein production by adipose-derived stromal cells (ASCs) when cultured as multicellular aggregates (MAs) compared to monolayer culture. Mass spectrometry data is consistent with gene array data in that increases are seen for each protein (A: MMP14, MMP2 and Tenascin C; B: Collagen and Fibronectin), analyzed when ASCs are cultured as MAs rather than as monolayers. There is no obvious trend for production of these proteins over time from data obtained after three and six days in culture.
core of MAs, it is likely that cells in this location are experiencing hypoxic conditions. This, in turn, could stimulate changes in gene transcription and protein translation that alter phenotype and biological activity. 51 Alternatively, it is possible that the delivery of ASCs to diabetic wounds as MAs may be useful for the simple reason that it keeps the ASCs from dispersing and spatially diluting the number of ASCs per area of wounded tissue.
It is likely that MA formulation increases the benefit of incorporated cells in the context of diabetic wound healing through a variety of mechanisms, including, but not limited to, cell-cell signaling, cell-matrix signaling, and possible hypoxic preconditioning of cells within the core of the MAs. 13, 52 The concurrence of these cues is probably important for the overall increase in wound healing speed, but it is worth exploring which of these activation cues resulting from MA formulation is of primary importance.
Conclusions
In this study, we have shown that the self-directed formation and culture of ASCs as MAs significantly changes their transcriptional profile and their biological potency (both in vitro and in vivo) as compared to cells grown in traditional monolayer. One possible mechanism by which this improvement is effected is an increase in ASC protein and ECM secretions caused by culturing the ASCs as 3D MAs. A potential alternative and complementary pathway for increased diabetic wound closure speed is long-term wound engraftment of delivered cells, with potential for subsequent in vivo differentiation to relevant cell lineages. Both of these mechanisms are supported by the genetic and protein analyses performed in this study, as genes and proteins related to migration, proliferation, angiogenesis, and ECM deposition were upregulated. Although ASCs have been observed investing directly in wounded skin in immunocompromised mice, 17 no histological evidence has been acquired to this point evaluating physical positioning and engraftment of ASCs in diabetic wounds over time, or that such incorporation is the primary mechanism of regeneration. Further, existing literature indicates that xenogeneic, allogeneic, and syngeneic cells do not survive for extended periods in immunocompetent hosts, despite successful healing of a wound. 37, 53 ASCs have been shown to have regenerative effects both through secretion and differentiation pathways in other systems, 54 so their action in diabetic wound healing may be through a similar mechanism. To further investigate the exact mechanisms by whichASCs accelerate diabeticwound healing, in-depth histological analysis of ASC engraftment, morphology, and lineage marker expression could be performed using autologous or syngeneic donor cells. Since bone-marrowderived stem cells have also been shown to improve wound healing, a comparison of wound-healing kinetics and mechanisms in diabetic wounds treated with ASCs and wounds treated with bone-marrow-derived stem cells would be informative. In future studies, comparisons to both fibroblasts grown as aggregates and commercially available woundhealing products (such as Apligraf Ò and Dermagraft Ò ) 55, 56 could serve to provide important mechanistic insights into, as well as expose differentiating aspects between these varying approaches to cell-based wound therapy. Finally, it may be worthwhile to confirm our current findings in a larger animal model in which wounds of a more clinically relevant size could be evaluated.
